Abstract: This paper describes a novel design for reducing secondary flow in turbines. The design builds on previous work on non-axisymmetric profiled endwalls by combining them with three-dimensional blade design. Profiled endwalls have been shown to effectively reduce secondary flow but have often been used as a 'retrofit' application where the blade design is left unchanged. In the current paper reverse compound lean is used to prepare the blade row for the application of profiled endwalls. Computational fluid dynamic predictions ofthe expected performance show benefits over and above those of applying profiled endwalls to the blade row alone. The paper describes the design of the novel geometry for the so-called 'Durham Cascade' and gives predictions of the expected performance.
INTRODUCTION
The current paper presents work on a novel design for reducing secondary flow in a linear cascade, combining three-dimensional blade design and nonaxisymmetric profiled endwalls (PEW). The current paper (which is one of two describing the work) discusses the design and gives predictions of the expected performance of the geometry in the linear cascade. A summary of the design philosophy used is shown in Fig. 1 . The actual measured performance is described in a later paper but both the design computational fluid dynamics (CFD) and experimental tests indicate that this approach may produce substantial performance improvements in real machines.
The desirability of reducing secondary flow in turbines is widely known. The basic structure of secondary flow within a turbine is well understood and consists of four major vortices, the passage vortex (PV), two legs of the horseshoe vortex and a counter vortex located in the late suction surface/endwall corner. An excellent study of the flow phenomenon of secondary flow is found in Sieverding [1] and Langston [2] reported on more recent developments.
Three-dimensional blade design
A large number of investigations have been carried out on three-dimensional blade design, where the prismatic blade shape is stacked, leaned, or twisted to reduce secondary flows. One early example is that of Harrison [3] who investigated straight and positive compound lean and showed improved uniformity of exit flows. Sharma et al. [4] also investigated blade lean. Bagshaw et al. [5] investigated experimentally the effects of reverse compound lean (RCL). The authors showed increased intensity of secondary flows, but reduced profile loss in the mid sectionthe opposite effect was found with conventional compound lean. Bagshaw et al. [5] reported an 11 per cent reduction in total pressure loss from linear cascade tests.
Denton and Xu [6] discuss the effects of blade sweep in a paper on the exploitation of threedimensional flow. They argue that the effects of sweep can be considered in terms of the pressure gradients in the near endwall regions. The argument is that for any swept blade section, the loading levels at the wall are determined by the pressure field a short radial distance away. This means that a forward swept leading edge section is unloaded due to the uniform pressure field above it and the corresponding trailing edge section is highly loaded due to the strong pressure field above it.
Profiled endwalls
Much recent interest has been generated by the use of non-axisymmetric PEWs where the endwall is shaped to reduce secondary flow. Although the idea of nonaxisymmetric PEWs is quite old, most of the current work takes its foundation from the work of Rose [7] who designed the endwalls to control the static pressure distribution at exit from a blade row. The idea was extended to control secondary loss and several papers have been published on its application and introduction in real machines [8 -11] .
The subject of the current paper is a significant design development where PEWs are combined with three-dimensional blade design. This is not the first time that this general concept has been applied. Nagel and Baier [12] successfully generated a loss minimizing geometry based on a low-pressure (LP) turbine profile (T106) using both aerofoil and endwall modifications in an automated optimization process. The authors of the current paper have taken a different approach where the number of variables in the design space has been kept to a minimum and the three-dimensional blade design space has been manually traversed. The advantage of this approach is that a clear understanding of the effects introduced by the three-dimensional blade design may be obtained; the disadvantage is that not all of the design space may be explored.
The test case for these ideas is the so-called 'Durham Cascade'. This is a low-speed linear cascade facility, which was recently refurbished to allow the testing of arbitrary three-dimensional geometries [13] . This entailed a slight reduction in span to allow a more symmetric flow condition to be introduced. The cascade is based on a high-pressure (HP) turbine blade and further details are found in Table 1 . The cascade is a popular CFD test case as it has strong secondary flows with a simple geometry.
Design intent and constraints
The design intent is a reduction in total pressure losses due to secondary flows. The following constraints were applied to the design.
1. The design was limited by typical machine constraints for HP turbine components. For example a maximum endwall perturbation of 7 per cent of the blade span and maximum axial extension of the blade of 10 per cent of axial chord were allowed. 2. The basic aerofoil shape was kept the same as the datum cascade except near the endwalls where the shape had to be altered to accommodate blade sweep.
DESIGN PROCESS
The mechanism used is a combination of nonaxisymmetric endwall profiling and threedimensional blade design, a summary of the final design philosophy is shown in Fig. 1 . This process is not an attempt to validate a production design system but an exploration of new design ideas.
Although other design strategies were considered, the final design results from three elements being combined:
(a) RCL; (b) modified blade sections at the endwall; (c) non-axisymmetric PEWs.
The overall design philosophy is that RCL will reduce loading (and loss) at midspan but increase this at the Fig. 1 Design philosophy used in this paper endwalls. Modified blade sections and nonaxisymmetric endwalls will then ameliorate these effects to produce an overall loss reduction. The RCL and the modified blade sections were generated by a manual trial and error process using the designer's judgement. Once an acceptable blade design was obtained an automated PEW design system (a developed version of that described in Harvey et al. [8] ) was applied to the blade geometry to produce a final design. The CFD was undertaken using a Reynolds averaged Navier -Stokes solver based on the Moore's elliptic flow programme algorithm; further details can be found in Northall et al. [14] . Approximately 380 000 cells were used in a H-grid topology. The solver uses a mixing length turbulence model and all boundary layers are defined as fully turbulent, although the cascade exhibits transitional behaviour [15] .
The CFD loss predictions are not accurate enough to base the design on, so an alternative approach using an optimization parameter, the product of secondary kinetic energy and helicity (called SKEH) was used (a full definition is given in Appendix 2). The objective of the optimization was to minimize SKEH and hence secondary kinetic energy. It has been demonstrated that when the flow is 'well behaved' reductions in secondary kinetic energy correlate to reductions in loss production [16] . However, in cases where the flow is not well behaved [11] such a correlation does not occur. Therefore, this parameter has to be used with caution. Figure 2 shows the final design and how it is made up from the three elements described earlier. Each element is now described in turn.
DESIGN DETAILS

Reverse compound lean
A reverse compound tangential lean was applied to the blade. The stacking followed an elliptical path, which gave 158 inclination to the endwall. The same RCL was used by Bagshaw et al. [5] , who carried out experiments on the design in an earlier version of the Durham Cascade. This allows the effects of the interactions between the various elements (RCL, endwall blade sections and non-axisymmetric endwalls) to be examined both experimentally and computationally.
Endwall blade sections
A limiting factor in endwall profiling design is the acceleration and subsequent diffusion around the leading-edge/suction-surface region [11] . The use of RCL further increases the endwall loading, making any combination of RCL with PEWs difficult. The use of a local axial sweep can prepare a blade section design for combination with endwall profiling. The axial sweep extends the chord, reducing the local loading in the region typically affected by endwall profiling. This is the design philosophy behind altering the blade endwall sections for this design.
The endwall section was extended along the camber line of the blade at the leading edge. The position of the trailing edge of the blade was kept at the same axial location across the span. So the blade was swept only in the leading edge region. The aim was to obtain the effects of blade sweep at the front of the blade (off-loading the leading edges) but keep the loading on the blade the same towards the trailing edge of the blade. This idea was suggested by Denton and Xu [6] . The sketch in Fig. 3 illustrates all the major Fig. 2 The design discussed in the current paper Fig. 3 Sketch of changes to blade endwall section changes to the endwall section. The modifications are as follows.
1. The leading edge was stretched to give a 10 per cent increase in axial chord. 2. The leading edge was shifted tangentially to maintain the inlet metal angle. 3. The majority of the suction surface geometry was unaltered. 4. The pressure surface was filled to reduce the possibility of a pressure surface separation. Figure 4 illustrates the changes in the axial-radial plane. The figure shows the modified endwall design blending back to the datum geometry at 30 per cent span, covering the main extent of the secondary flow. The blending generates a leading edge sweep that follows the blade camber line. The pressure surface fill-in is also reduced as the profile is blended back to the datum. The datum profile is retained for the middle 40 per cent of the span.
Non-axisymmetric PEWs
Endwall profiling was applied to both upper and lower endwalls. The profiles were generated through an optimization system at Rolls-Royce similar to the one described by Harvey et al. [8] . The main development is that the design process is now automated and a design is produced without manual intervention using SKEH as a design variable. This method provides an interesting contrast between the blade design which is done manually and where there is a clear rationale for each design element. For an automated design system a design is produced from which the user often has to decipher the design elements from. Surprisingly the optimization system produced two quite different endwall shapes that are also significantly different from those generated in previous design studies. The endwall shapes are shown in Figs 5 and 6 and are referred to as the mild endwall design (labelled 'mild') and the aggressive (labelled 'aggr') endwall, respectively. The 'aggr' endwalls corresponds to the r ¼ 375 mm boundary and has much larger perturbations from the planar case than the 'mild' endwall at the r ¼ 0 mm boundary.
Following an examination of the design system, two reasons for the differing endwall designs were determined. First, the inlet boundary layers used in the design system at each endwall are different. The design work was carried out concurrently with the cascade refurbishment described in Bagshaw et al. [13] . At that time the 'best guess' for inlet conditions were those measured during the RCL study [5] , which Second, the significant differences in design were caused by the setup of the design system. The design system effectively marched through a number of control stations on one endwall before proceeding to the next. An examination of the design system outputs suggested that the design of the aggressive endwall impacted the 'mild' endwall significantly. It is not clear whether this effect is physically realistic; in the previous work at Durham [10] PEWs were applied at one endwall and changes in the flow field had disappeared by midspan because of the fairly high aspect ratio.
Despite this, the authors decided to proceed with the PEW designs shown. The symmetrical inlet boundary layer conditions in the cascade since refit meant that it was possible to consider the new design as giving two experiments in one. It was also felt that an investigation of both novel endwall shapes would enhance the understanding of how PEWs work.
The 'mild' endwall, whose height contours are shown in Fig. 5 , has a fairly conventional appearance. There is a hump on the pressure side of the endwall, giving a convex shape, so reducing the pressure there. There is a dip on the suction side of the endwall, generating a concave surface so raising the pressure there. The endwall in Fig. 6 shows a more unusual aggressive design, with a complex hump that surrounds the leading edge and wraps around both suction and pressure surfaces. There is a dip that runs from midpassage to the suction surface, which with the hump gives a strong concave shape along the suction side of the endwall.
PREDICTIONS OF DESIGN PERFORMANCE
Three sets of CFD results are presented here which illustrate the design intent to reduce secondary flows and hence losses. The first, called 'datum', refers to a prismatic blade with flat endwalls and is the base case from which the three-dimensional design was developed. The second, called 'redesign', refers to a blade with RCL and modified blade sections at the endwall again with flat endwalls. The third and final set of results, called 'redesign þ PEW', refers to a blade with the same RCL and modified blade sections at the endwall, but with additional non-axisymmetric endwalls. The redesign CFD is shown to illustrate the effect that adding PEWs to the three-dimensional blade has on the flow through the cascade. Figure 7 shows the midspan static pressure distribution over the three cases. The influence of the endwalls does not extend to midspan so the redesign and redesign þ PEW cases are virtually identical. The suction surface for the two redesigned cases is more lightly loaded when compared to the datum design, and this is a consequence of the RCL. Figures 8 and 9 show pressure distributions on the blade surface at the mild and aggressive ends of the blade. Note that the axial distance is nondimensionalized with the midspan axial chord, so that the effect of the forward extension of the redesigned profile can be seen. In both cases the effect of the three-dimensional blade (redesign) is to increase the loading across the majority of the near endwall suction surface and decrease it across the entire near endwall pressure surface. The 'mild' PEW design (Fig. 8) shows that the suction surface is slightly offloaded then reloaded towards the trailing edge, as might be expected from the endwall shape in Fig. 5 . The pressure surface also shows an increase in loading towards the trailing edge. The 'aggr' PEW aggressive design (Fig. 9) shows the large effect on the suction surface of the strong change in curvature on the endwall seen in Fig. 6 . There is a strong acceleration giving a pressure minimum at about 290 per cent axial chord followed by rapid Design of three-dimensional turbine blades combined with PEWsdiffusion to a pressure maximum at about 270 per cent axial chord. This is followed by a second acceleration, giving an increased aft loading of the profile. The pressure surface distribution is unchanged for this 'aggr' PEW design. Figure 10 shows the suction surface static pressure distribution for the datum case. Flow enters from the right and exits to the left. Figures 11 and 12 show the same contours for the redesign and the redesign þ PEW case. Figure 13 shows the contours on the endwalls themselves. The following key points emerge when examining the figures.
Blade static pressures
Static pressure contours on blade and endwall surfaces
1. The datum geometry has a large region of twodimensional flow. The effects of secondary flow are seen from 0-15 per cent to 85 -100 per cent span where the PV interacts with the blade pressure field (Fig. 9 ). 2. The offloading of the midspan is visible in Fig. 11 for the redesign case, along with the increased loading at the endwalls. 3. The redesign (Fig. 11 ) also has larger peak loading in the region affected by the PV. This is in fact due to the RCL induced redistribution of blade loading. The extended leading edge sweep cuts through vertical contours of static pressure as predicted by Denton and Xu [6] . 4. On the 'aggr' endwall (85 -100 per cent span), the application of PEW (Fig. 12) intensifies the peak loading while offloading the front section. The 'mild' PEW shifts the peak loading forward, while (Fig. 13) confirm the remarks made above. The application of threedimensional blading redesign in Fig. 13 results in a movement of the stagnation point on the blade nearer the suction side of the blade. The suction side of the redesign case exhibits much stronger gradients than in the datum case. The application of the aggressive endwall decreases the suction side C p whereas the 'mild' endwall ameliorates this effect somewhat. Finally, the PEWs introduce a greater cross-passage pressure gradient towards both the leading and trailing edges of the bladewhich is an inevitable consequence of applying PEW as discussed by Harvey et al. [8] .
A simple quantitative assessment of the changes in blade loading is provided in Table 2 , which shows the force per unit span as a percentage of the midspan datum force per unit span. Table 2 is simply the area between the curves in Figs 7 to 9 -no account is taken of the angle of the blade or endwall surfaces to the static pressure field, all the blade loading is taken to be purely in the tangential direction. Table 2 provides confirmation of the points made earlier, the datum case exhibits a reduction in blade force at each endwall due to secondary flow. The RCL (the redesign case) reverses this situation so that both endwalls experience a higher tangential force than the midspan. The application of PEWs (redesign þ PEW) either has little effect on the endwall tangential force ('mild' endwall) or causes a reduction in the blade force ('aggr' endwall). Figure 14 shows the pitch averaged yaw angle at 28 per cent axial chord downstream of the trailing edge for all three cases. The datum geometry exhibits the classical underturning of the flow (at 15 and 85 per cent of span) and overturning closer to the endwalls due to the action of the PV. The redesign case shows reduced turning in the midpassage region by up to 18. There is little change in the peak of underturning due to the aerofoil redesign, although it is slightly nearer the endwalls. However, a clear 28 of additional overturning in the near wall region (0 -5 and 95 -100 per cent) is seen.
Pitch averaged results
When the non-axisymmetric endwalls are applied two quite different endwall flows are formed. In the aggressive endwall (where the majority of the endwall changes are at the front of the passage) the level of overturning has been increased, but the PV structure has moved slightly towards the endwall. In the 'mild' endwall (where the majority of the changes are at the rear of the passage) the overturning is the same as that without PEW. The PV structure has also moved closer to the endwall. Figure 15 shows pitch averaged SKEH. SKEH was the primary criterion used to evaluate competing designs. The SKEH plot for all three cases is made up of a midspan region of zero value (a potential flow region with zero helicity), a major peak caused by the PV and a minor peak that is associated with the corner vortex. The following key points may be noted.
The region with zero SKEH increases from 40
(datum) to 60 per cent of the span (redesign þ PEW), this is a direct result of the smaller penetration depth of secondary flows in the threedimensional designs. 2. The redesign case reduces the peak values of SKEH by more than half. The redesign þ PEW case reduces the values further. Note that the aggressive endwall is more successful in reducing SKEH values. Table 3 lists mass weighted area averaged loss coefficient and SKEH for the three cases discussed in the current paper. Both the redesign and the redesign þ PEW show increasing reductions in SKEH. Note that since SKEH is based on secondary kinetic energy, it therefore varies with the square of velocity and is very sensitive to small changes in the flow field. The total pressure loss coefficient (C p0 ) values must be treated with caution due to the choice of turbulence model and lack of transition facility but the fact they show the same trend as the SKEH results is encouraging.
Area averaged results
DISCUSSION
The effects of RCL were discussed by Bagshaw et al. [5] who concluded that RCL reduced loss at the midspan and increased it towards the endwall. For their test case, an overall decrease in loss of some 11 per cent was obtained. Since the definition of RCL in the current paper is essentially the same it is expected that there would be a similar effect. The intention of modifying the blade sections at the endwall was to 'prepare the ground' for PEWs to further reduce secondary flow. Examining the static pressure predictions from the design CFD indicates that this has largely been successful. The axial stacking of the leading edge of the blade has reduced the local static pressure coefficient on the pressure surface. The pressure surface fill-in has further reduced the cross-passage pressure gradient and hence the pressure difference across the blade passage. The PEW designs illustrate both the advantages and disadvantages of automated optimization systems. The advantage is that a novel aggressive geometry has been produced that has the potential to bring aerodynamic benefits, and the disadvantage is that the design rationale for such a geometry is much less clear. To summarize a complex phenomenon: the aggressive endwall profiling has reduced the cross-passage pressure gradient in the early section of the passage at the expense of an increased endwall diffusion. The 'mild' endwall profiling has not introduced significant diffusion, but has shifted the loading towards the rear of the blade at the endwall. Thus the predicted reduction in secondary flow and loss is greater for the more aggressive design. However, following the experience of Ingram et al. [11] , where a strong feature caused a separation not predicted by the CFD, it is clear that these design predictions need to be tested by experiment. The sequel to this paper [17] investigates this.
CONCLUSIONS
A turbine cascade has been redesigned to use the following technologies to reduce secondary flow: (a) RCL; (b) modified blade sections at the endwall; (c) non-axisymmetric PEWs.
The PEW design system generated very different geometries on the aggressive and 'mild' endwalls, but this was felt to be an excellent opportunity to further explore the PEW design space.
The computational results indicate a significant benefit from the application of each technology to the cascade. Experimental testing has been completed and the authors report on the results of this in reference [17] , the work is also the subject of a patent application [18] . 
SKEH definition
Traditional secondary flow research has defined secondary flow as the difference between the flow near an endwall and the flow at an undisturbed midspan section where the flow is entirely two-dimensional. For low-aspect ratio blades with three-dimensional blading this two-dimensional flow at midspan does not exist. For the work described in the current paper, the primary flow is defined as the mass averaged velocity vector in a given radial slice. The primary flow direction therefore varies with the blade span and high values of secondary kinetic energy arise from non-uniformity within a radial slice. Therefore
where V s is the secondary flow vector, V is the flow vector, and V p is the primary flow vector at the corresponding radial height. Secondary kinetic energy or SKE is defined as
The problem with this definition of secondary kinetic energy is that it includes the potential effect of the aerofoil as secondary flow. Therefore, the product of SKE and helicity is used which removes most but not all of the influence of the potential field.
Helicity is defined as
This definition of SKEH is the same as that used by Brennen et al. [9] .
